Psychological traits are commonly inferred from covariation in sets of behavioral measures that otherwise appear to have little in common. Emotionality in mice is such a trait, defined here by covariation in activity and defecation in a novel environment and emergence into the open arms of an elevated plus maze. Behavioral and quantitative trait analyses were conducted on four measures obtained from 879 mice from an F2 intercross. Three loci, on murine chromosomes 1, 12, and 15, were mapped that influence emotionality. This trait, inferred from studies of strain, sex, and individual differences in rodents, may be related to human susceptibility to anxiety or neuroticism.
A genetic contribution to psychological traits and psychiatric disorder is not in doubt, but the nature of that contribution is still poorly understood (1) . Where quantitative variation in such traits is known to exist, its genetic basis might be accessible to the linkage mapping approaches that have been successful in the analysis of physiological traits with a multifactorial etiology (2) , but setbacks in attempts to map the susceptibility loci for human psychiatric disorders have suggested that psychological traits may be determined by a large number of genes each of small effect (rather than by a few major genes) such that their operation would be undetectable by most quantitative trait loci (QTL) linkage strategies (3) .
Furthermore, it is also not clear which measures of a psychological trait are amenable to linkage analysis. Genetic mapping of human psychiatric disorders has generally used a dichotomous classification (affected versus nonaffected). Although collection of appropriate samples may lead to the chromosomal mapping of dichotomous traits, recent success in mapping a susceptibility locus for reading disability and the loci responsible for drug preference in mice indicates that continuous measures may be more appropriate (4) . However, a single behavioral or psychiatric measure is likely to include a number of traits not directly related to the psychological trait under study, so that a mapping experiment could result in the localization of QTLs that are not of interest. An altemative approach would be to use a psychological trait defined by the covariation of a set of measures, but so far multiple measures have not been used in mapping experiments of behavioral traits. Here we report the use of such an approach to map QTLs underlying measures of emotionality in mice. Calvin Hall first applied the term "emotionality" to rodent behavior defined by a specific set of behavioral measures (5) . It has also been termed reactivity (6) , but despite its name, emotionality does not include all aspects of emotion in the broad sense of the term (7) .
Rodent emotionality has long been measured by behavior in novel environments such as the open-field apparatus, a brightly lit white arena which is an unwelcoming and potentially frightening environment (5) . Low activity and high defecation scores in the apparatus have been used to define emotionality, and selection experiments show that these measures are genetically correlated. Rats selected for differences in defecation in the open field differ also in activity scores in the apparatus (6) , whereas mice selected for differences in activity show differences in defecation (8, 9) . In both species, animals with high defecation scores are inactive, and vice versa. Through the inclusion of control and replicate lines, it has been shown that this inverse genetic correlation is not a chance association due to genetic drift occurring in the selection experiment; rather, it is evidence for the existence of a psychological trait. Moreover, known physiological mechanisms cannot explain the covariation of defecation with open-field activity (OFA): OFA involves primarily motor activity, whereas defecation is an autonomic response that does not require motor performance.
The genetic selection experiments support the notion that emotionality (defined as the phenotypic correlation between OFA and defecation) involves the same brain system or systems, and a wide range of pharmacological, brain lesion, and brain stimulation experiments indicate which are the most likely brain structures involved (7, 10) . Chromosomal mapping of correlated behavioral measures that define emotionality would provide a novel approach to the validation of the psychological trait, which may be related to human susceptibility to anxiety (7, 10) .
Inbred mouse strains derived from animals selected for both high and low OFA scores presented an opportunity to map emotionality. Furthermore, the selection experiment provided estimates of the realized heritability of OFA (0.26) and defecation (0.11) and of the genetic correlation between the two traits (-0.86) (9) , which allowed us to infer from the QTL analysis the likely number of genes and the direction of their effects.
Our experiment had two stages: stage 1 was to detect QTLs for OFA, and stage 2 was to determine whether QTLs identified for OFA were common to other measures whose covariation with OFA indicates emotionality. We chose measures with known phenotypic correlations for which there was either genetic or other evidence that they involve the same brain systems (7, 10) . Because of the large number of animals that needed to be tested, we also chose measures that were simple and quick to administer.
We measured OFA and defecation and two additional measures: activity in a Y maze and entry into the open and closed arms of an elevated plus maze (EPM) (1 1, 12) . The Y maze, like the open-field arena, is a novel, potentially frightening environment for the mouse; it differs in that it is completely enclosed and is dark within. The EPM is a four-armed runway arranged in a cross shape raised 30 cm above the ground, two arms of which are enclosed. It has been shown that exploration of the open arms is more anxiogenic than exploration of the closed arms (1 1).
On the basis of previous work (7) (13) . Genotype data were entered into the MAP-MAKER-QTL analysis program (14) .
A LOD (logarithm of the likelihood ratio for linkage) threshold of 3.23 was used for the detection of QTLs in the initial genome scan of 192 animals. It has been recommended that a LOD threshold of 4.3 Table 1 . Quantitative trait loci for OFA. The LOD score is the logarithm of the likelihood for the presence of a QTL. The value F is from a multiple regression analysis with two degrees of freedom for additive and dominance effects. P is the probability of the F test result. The particular chromosome on which a QTL located is specified by the number after the "D" in the marker name. cM, centimorgan. number of putative QTLs). We then added log(k) to the LOD derived from the x2 value, where k is the number of measures (16) . We expect this to be a conservative approach. Table 2 shows that loci on chromosomes 1, 12, and 15 were identified with high LOD scores for the four correlated measures. On chromosome 12, a QTL for the open-arm EPM data was mapped with a LOD of only 2.4, but QTLs for the other measures exceeded our threshold value of 2.7 (Fig. 1) . The double peak on chromosome 12 suggested the presence of more than one QTL, but we found no evidence for this when MAPMAKER-QTL was used to fix one QTL (on chromosome 12) and search for another on the same chromosome. Similar analysis on chromosome 15 data also gave no evidence for multiple QTLs. As expected, no QTLs were detected for entry into the closed arms of the EPM, confirming that the correlation between (Fig. 1 ). (17) .
A more conservative analysis was also used. Additive and dominance effects for each of the six markers were estimated by multiple regression analysis, and the change in R2 (where R is the multiple correlation coefficient) due to these effects was tested for significance (AR2 in Table 2 ). The results given in Table 2 are similar to those derived from the MAPMAKER analysis. Furthermore, multivariate analysis of variance confirmed the significance of at least three loci: chromosomes 1, 4, 12, 15, and 18 had P values less than 0.0083 (the P value is derived from 0.05 divided by six, where six is the number of putative QTLs) (18) . We also used MAPMAKER-QTL to calculate the LOD for simultaneously fitting the six QTLs identified for OFA. The logarithm of the likelihood that these six QTLs independently and additively contribute to the genetic variance is 38.8, accounting for 25% of the OFA variance. A similar calculation performed for the three QTLs determining defecation data gives a LOD of 12.1, accounting for 11% of the variance. Because addition of the appropriate LODs in Table 2 gives similar figures (38 and 13, respectively), it is likely that the QTLs act additively and independently.
The most parsimonious explanation of our results is that three loci (on chromosomes 1, 12, and 15) are, at least in part, the genetic basis of emotionality. Further support for this interpretation comes from consideration of the direction of effect of each QTL ( (7, 10) . The nature of these genes is unknown, but the discovery of QTLs determining emotionality in the mouse provides the first step toward their molecular characterization and may lead to the identification of genes responsible for human susceptibility to anxiety.
Strategies for successful positional cloning of genes responsible for complex traits will require much higher resolution mapping than achieved here (15, 19 
